Staphylococcus aureus achieves resistance to defensins and similar cationic antimicrobial peptides (CAMPs) by modifying anionic membrane lipids via MprF with L-lysine, which leads to repulsion of these host defense molecules. S. aureus ⌬mprF, which lacks the modification, was very efficiently killed by neutrophil defensins and CAMP-producing leukocytes, even when oxygen-dependent killing was disrupted, but was as susceptible as wild-type bacteria to inactivation by myeloperoxidase or human monocytes lacking defensins. These results demonstrate the impact and specificity of MprF-mediated CAMP resistance and underscore the role of defensin-like peptides in innate host defense.
The first leukocytes appearing at a site of infection are the neutrophils, which elaborate a great number of antimicrobial activities that participate in the killing of ingested microbes. In addition to the oxygen-dependent respiratory burst compounds, neutrophils produce bacteriolytic enzymes and cationic antimicrobial peptides (CAMPs) (1) . The various types of CAMPs attack the bacterial cytoplasmic membrane and cause leakage of the bacterial cell and breakdown of membrane potential (14) . Neutrophils contain particularly large amounts of CAMPs, such as defensin HNP1-3 or cathelicidin LL-37 (4, 5) ; these molecules are lacking in monocyte granules. Staphylococcus aureus, a major bacterial pathogen, is highly resistant to defensins and other antimicrobial peptides (9) . Several studies have shown that CAMP resistance mechanisms contribute to bacterial virulence and are prerequisites for the colonization of CAMP-shielded body surfaces and tissues (8) . We have recently described two types of S. aureus mutants, dltABCD (11) and mprF (10, 13) , that are highly susceptible to human neutrophil defensins and other CAMPs. The two defense systems inactivated in these mutants modify negatively charged cell envelope components with amino acids, thereby leading to introduction of positive charges and repulsion of CAMP molecules (8) . Teichoic acids, staphylococcal cell wall polymers composed of glycerol-or ribitol-phosphate repeating units, are esterified with D-alanine by the gene products of the dltABCD operon (11) . The novel membrane protein MprF is necessary for synthesis of lysyl-phosphatidylglycerol (L-PG), an unusual derivative of phosphatidylglycerol modified with L-lysine (10) . While the other S. aureus phospholipids are anionic, L-PG is the only phospholipid with a positive net charge; its absence leads to a profound alteration of the electrostatic properties of the membrane surface. The dltABCD and the mprF mutants are more susceptible to neutrophil killing, and their virulence in mice is attenuated (2, 10) .
In vitro killing of S. aureus by defensins and myeloperoxidase. We have recently demonstrated that the human neutrophil defensin HNP1-3 inhibits the growth of S. aureus ⌬mprF but has no effect on the wild type (10) . In order to determine whether the lack of L-PG also leads to increased killing by defensins, bacterial cells grown in Mueller-Hinton broth to the mid-exponential phase were resuspended in potassium phosphate buffer (10 mM, pH 7.5) containing 0.0005% human serum albumin (HSA) and 3 ϫ 10 5 CFU/ml were incubated with 100 g of HNP1-3/ml (a gift from H. Kalbacher, University of Tübingen) at 37°C as described recently (2) . Briefly, samples of 10 l each were shaken and killing was stopped after 60 min by 25-fold dilution in ice-cold potassium phosphate buffer. Viable bacteria were counted 24 h after plating of appropriate dilutions on LB agar (1% Tryptone, 0.5% yeast extract, 0.5% NaCl, 1.5% agar). The mutant was very effectively inactivated by HNP1-3, whereas the wild type was not affected (Fig. 1) , which demonstrates that the lack of L-PG leads not only to inhibition but also to efficient killing of staphylococci.
Neutrophils use oxygen-dependent killing mechanisms in addition to defensins. In order to analyze whether the high susceptibility of the mprF mutant to neutrophil killing is in part caused by increased sensitivity to toxic products of the respiratory burst, the killing of wild-type and mprF cells by myeloperoxidase (MPO) was compared. This experiment was carried out as described above for HNP1-3-mediated killing, except that the bacteria were resuspended in phosphate-buffered saline with 0.0005% HSA and incubated with 0.05 U of MPO (Calbiochem, La Jolla, Calif.) plus 10 M H 2 O 2 for 45 min (2) . NaCl (154 mM) from the phosphate-buffered saline buffer was present in the samples to permit generation of toxic chlorinating compounds. Wild-type and mprF mutant bacteria were equally susceptible to MPO-mediated killing ( Fig. 1) , which indicated that the presence of L-PG does not affect the susceptibility to oxygen-dependent antimicrobial mechanisms. This is in contrast to the defensin-sensitive S. aureus dltA mutant, which is more susceptible to MPO-mediated inactivation than is the wild type (2) .
Neutrophil killing of S. aureus upon inhibition of the respiratory burst. To confirm that the increased killing of S. aureus ⌬mprF by neutrophils is due to oxygen-independent mechanisms, inactivation of S. aureus wild-type and ⌬mprF mutant bacteria was compared in the presence of diphenyleneiodonium (DPI), which blocks the NADPH oxidase, thereby preventing the formation of the MPO substrate, H 2 O 2 (3, 7), as described earlier in detail (2) . Briefly, neutrophils were purified from peripheral blood of healthy human volunteers by using Ficoll-Histopaque gradients. Bacteria were grown as described above for in vitro killing studies, washed twice in Hanks balanced salt solution containing 0.05% HSA, and opsonized with normal human serum (4%) for 10 min at 37°C. Prewarmed bacterial and leukocyte suspensions were mixed to final concentrations of 8.5 ϫ 10 4 CFU/ml and 2.5 ϫ 10 6 leukocytes/ml. DPI (20 M) was added immediately before the bacteria and neutrophils were mixed. Samples (50 l) were shaken at 37°C, and incubation was stopped after 30, 60, and 120 min by the addition of 2 ml of ice-cold distilled water to disrupt the leukocytes. Appropriate sample volumes were spread onto LB agar plates, and colonies were counted after 24 h of incubation at 37°C. Inhibition of the respiratory burst was confirmed by monitoring luminol-enhanced chemiluminescence of neutrophils in response to opsonized S. aureus as described recently (2) . Addition of DPI caused a drop in chemiluminescence of several orders of magnitude, confirming the complete inhibition of NADPH oxidase activity (Fig. 2A) ; DPI did not affect bacterial viability (data not shown). S. aureus wild-type and ⌬mprF mutant bacteria have been shown to be ingested with similar efficiencies (10) . Inhibition of the respiratory burst abolished killing of S. aureus wild-type bacteria completely for at least 1 h (Fig. 2B) . After 2 h, wild-type bacteria were killed to some extent in the presence of DPI but the efficiency was still considerably lower than that in samples without DPI. In contrast, inhibition of NADPH oxidase only led to some reduction in the killing of S. aureus ⌬mprF after 1 h. After 2 h, no significant difference was observed in the killing of S. aureus ⌬mprF in the presence or absence of DPI. Thus, oxygen-dependent killing is the most important mechanism for inactivation of S. aureus wild-type bacteria whereas it has only some impact on inactivation of the defensin-susceptible ⌬mprF mutant.
L-PG does not affect susceptibility to killing by normal monocytes. Since neutrophils and monocytes, the major antistaphylococcal phagocytes, differ in the presence of defensins and cathelicidins yet are similar in using oxygen-dependent mechanisms, the killing kinetics of S. aureus wild-type and ⌬mprF mutant bacteria by these two types of phagocytes were compared. Neutrophils were prepared as described above, and monocytes were purified with a Monocyte Isolation Kit (Dynal Biotech, Oslo, Norway) (2). Defensin-producing neutrophils inactivated the mutant bacteria considerably faster than wildtype bacteria, while monocytes, which lack defensins, showed no significant differences in the killing kinetics of wild-type and ⌬mprF mutant bacteria (Fig. 3) . Inhibition of the respiratory burst led to complete abrogation of monocyte killing of S. aureus wild-type bacteria (Fig. 2C) , which is in accordance with a major role of oxygen-dependent mechanisms in monocyte antimicrobial activity. Inactivation of S. aureus ⌬mprF was strongly reduced in the presence of DPI as well. Interestingly, some killing was observed after 60 min, indicating that human monocytes produce oxygen-independent antimicrobial substances with activity against the mprF mutant that remain to be identified. However, the activity of these compounds appears not to be additive in the oxygen-dependent killing of S. aureus ⌬mprF.
Concluding comments. The existence of redundant defensin genes and differences in CAMP expression in mice and humans have been major obstacles in the analysis of the role of CAMPs and of CAMP resistance by using knockout mice. However, in a recent publication, a mouse strain deficient in cathelicidin production was described (6) that provides important possibilities for future research. Along these lines, we generated defensin-susceptible bacterial mutants of the defensin-resistant bacterium S. aureus. Here it was demonstrated that the lack of L-PG leads not only to inhibition of growth by CAMPs but also to increased killing by defensin HNP1-3 and increased inactivation by neutrophils, even when the oxygendependent mechanisms are blocked. These results further support the notion that CAMPs have an important role in preventing microbial infections if the invading microbes are CAMP susceptible. Moreover, the results demonstrate the importance of bacterial mechanisms conferring CAMP resistance for bacterial virulence. The MprF-mediated changes in the staphylococcal cell envelope seem to be rather specific for resistance to oxygen-independent killing, as demonstrated by the equal susceptibility of S. aureus wild-type and ⌬mprF mutant bacteria to MPO-generated toxic substances and to killing by monocytes that do not produce defensins and cathelicidins.
The existence of at least two CAMP resistance mechanisms in S. aureus, encoded by the dltABCD and mprF loci, raises the question of whether these systems play different roles in evasion of the host defense. It is important to note that the dltA mutant is more susceptible to MPO-mediated killing (2), VOL. 71, 2003 NOTES 547 whereas the mprF mutant is not. In contrast to S. aureus ⌬mprF, which has a highly negatively charged membrane surface compared to the wild type but an unaltered cell wall surface, S. aureus ⌬dltA has a more anionic cell envelope (11, 12) . Compared to the CAMP molecules, which are usually smaller than 4 kDa, MPO is much larger (131 kDa) and can probably not diffuse through the cell wall and interact directly with the cytoplasmic membrane. However, MPO can probably be better bound by the cell envelope of the dltA mutant, as demonstrated recently with other cationic proteins, such as cytochrome c (11), allowing the production of toxic products in close proximity to the essential components of the bacterial cell. On the other hand, it is noteworthy that the mprF mutant is more susceptible to HNP1-3-mediated killing than the dltA mutant. This is in agreement with the better ability of CAMPs to attack the cytoplasmic membrane of bacteria whose membrane lacks any positively charged lipids. 
